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[1] Coating of mineral dust particles by air pollutants leads to core-mantle particles.
These composite aerosols could interact differently with atmospheric radiation than the
uncoated dust. In our simplified radiative calculations we assumed that a spherical dust
core is covered uniformly by a liquid refractive material, such as sulfate or nitrate.
Theoretical calculations of optical properties of such particles show that the single-
scattering albedo and the asymmetry parameter of core-mantle aerosols only differ
significantly from uncoated dust if coating layers exceed 20% of the radius of the dust
core. Global simulations of sulfate/nitrate-coated dust particles show that the thickness of
the shell can be expected to range from 0 to 20% of the radius of the dust core. The result
of this work is that mineral dust particles can be treated as external mixture within
radiative calculations but the coating processes lead to changed loads in sulfate, nitrate,
and mineral dust aerosol loads and therefore change their impact on Earth radiation. The
combined anthropogenic forcing of dust, nitrate, and sulfate aerosols is �0.1 W/m2;
however, excluding heterogeneous interactions leads to a 3 times larger negative forcing.
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1. Introduction

[2] The terrestrial atmosphere often contains mixtures of
different aerosol particle types, including internal, semi-
external, and external mixtures, as defined by Mishchenko
et al. [2004b]. The identification of the state of mixing is
important because the latter may affect particle radiative
properties. In an external or semiexternal mixture, each
aerosol particle consists of a single material, and so can
be considered homogeneous. Internal mixtures contain more
than one material and sometimes coexist in different phases.
The formation of an internally mixed particle can be caused
by coagulation, coalescence of particles in clouds, and gas-
aerosol transfer reactions on aerosol surfaces. The global
characterization of the mixing state of aerosols is extremely
difficult, because essentially all existing observations are
bulk measurements providing no information on the aerosol
chemical composition [Mishchenko et al., 2004a].

[3] In situ analyses of individual particles can provide
detailed information such as size, shape, and composition,
but are very time consuming, difficult to perform, and
limited to a specific location. As a result, information about
the mixing state of atmospheric aerosols is very scarce,
although the existing observations show clearly that a
significant fraction of the atmospheric aerosols may exist
as particle mixtures [Buseck and Posfai, 1999; Buseck et al.,
2000; Li et al., 2003a, 2003b; Trochkine et al., 2003].
[4] Most atmospheric radiation models still assume aero-

sols as externally mixed. However, many research groups
are developing more complex simulation approaches which
should be able to predict more accurately the chemical
composition and mixing state of aerosol particles [Gong et
al., 2003; Stier et al., 2005; Jacobson, 2001]. Hence it is
timely and important to analyze theoretically the radiative
properties of various types of aerosol mixtures.
[5] Mishchenko et al. [2004b] compared the scattering

and radiative properties of semiexternal and external mix-
tures. By definition, aerosols are mixed semiexternally
when they are in physical contact but not embedded in
each other. This kind of particles mainly form through
coagulation. Mishchenko et al. [2004b] found that the
optical properties of a semiexternal mixtures are quite
similar to those of the corresponding external mixture.
Consequently, semiexternal mixtures may be treated effec-
tively as external mixtures in radiative transfer calculations.
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[6] This paper focusses on the optical properties of
internal core-mantle mixtures of solid and liquid aerosols.
The basic radiative properties of such core-mantle particles
are analyzed in section 2. Section 3 describes a global
climate model application to study the potential effect of
internal mixtures of ammonium sulfate/nitrate and mineral
dust particles under present and preindustrial conditions.
The main results of the paper are summarized and discussed
in section 4.

2. Radiative Properties

[7] A Mie-type code for core-mantle spherical particles
[Mishchenko, 1990] was used to calculate the parameters
that enter global climate models as the basic radiative
characteristics of aerosols: the extinction efficiency, the
single-scattering albedo (SSA), and the asymmetry param-
eter (AP) [Mishchenko et al., 2002]. The size of a composite
particle was defined in terms of its outer radius, r. The code
was applied to gamma r distributions of two-layer spheres
with a fixed ratio � of the shell thickness to the outer radius.
Calculations were performed for spherical mineral dust
particles covered by a uniform spherical shell of either
sulfate, nitrate or water material. The effective radius of
the size distribution [see Mishchenko et al., 2002, p. 161]
ranged from 0.01 mm to 10 mm and the ratio e ranged from
10% to 100%. The effective variance of the size distribution
was fixed at log 2, the wavelength was fixed at 500 nm, and
the relative humidity was fixed at 75%. The refractive
indices are listed in Table 1 and are taken from the Global
Aerosol Climatology Project database (http://gacp.giss.
nasa.gov/data_sets) and Mishchenko et al. [1997].
[8] Figure 1 shows the SSA for pure ammonium sulfate

and mineral dust aerosols as well as for their internal
mixtures. Pure ammonium sulfate particles are nonabsorb-
ing and therefore have SSAs close to unity for all size
classes. SSAs of pure mineral dust depend strongly on the
particle size and decrease from almost unity for 0.01 mm
particles to 0.86 for 10 mm particles. The SSAs of compos-
ite particles for all � values tested lie in between the two
curves for the pure aerosol types. Therefore sulfate-coated
dust particles have SSAs that are lower than those of the
pure sulfate aerosols but higher than those of the pure dust
particles. The model results further show that if � � 10%
then the corresponding SSAs hardly differ from those of the
pure dust aerosols.
[9] The coating layer on the core particle leads to an

overall increase in the core-mantle particle size. This effect
will partly offset the impact of the increased core-mantle
SSA, because SSA decreases with particle size.

[10] The AP results for dust aerosols coated with ammo-
nium sulfate are shown in Figure 1 (bottom). APs of pure
ammonium sulfate particles are greater than those of pure
dust aerosols. The coated particles have APs lying between
those of the pure particles for sizes up to 0.4 mm. However,
for larger particles the APs of coated particles are smaller
than those for either pure particle type. A smaller AP
indicates a more isotropic angular distribution of the scat-
tered light. This occurs, undoubtedly, due to an additional
internal optical interface separating the core and the shell
which causes additional internal reflections and refractions
and serves to randomize the directions of the exiting rays.
The smallest AP is found for particles with � = 50%. If � is
smaller than 20%, the resulting APs differ very little from
those of pure mineral dust irrespective of particle size. The
effect of increased total particle size, due to the coating
layer, offsets the discussed effect on AP for particles larger
than 0.55 mm, but the increased size effect changes AP more
significantly for particles smaller than 0.55 mm.
[11] The extinction efficiency is even less sensitive to

coating changes than the displayed parameters in Figure 1
and therefore is not shown. The extinction efficiency is a
strong function of particles size. Pure mineral dust shows its
largest extinction efficiency at about 0.4 mm particle radii,
whereas pure sulfate particles shows its largest extinction
efficiency, which is lower than for pure dust, at about
0.5 mm. The coated particles lay in between those two
maxima and again the increased size effect will offset the
coating effect for particles larger than 0.4 mm.
[12] The results for the ammonium-nitrate-coated dust

and water covered dust look very similar and are presented
in Figure 1 for the nitrate covered dust.
[13] The above discussed results have been calculated at

550 nm. To test the validity of our results at other wave-
lengths, aerosol optical properties are calculated at solar
wavelengths ranging from 0.2 to 2 mm. This time the
particle effective radius was fixed at 0.7 mm and relative
humidity at 75%. We display the results for the outer core
particle radius of 0.7 mm because coating layers are most
relevant for the smallest dust particles (as represented in our
climate model), as we will explain later in that paper in
section 3. However, larger optical effects may appear at dust
sizes smaller than 0.7 mm, which are not included in this
study because they are not explicitly represented in our
climate model.
[14] Figure 2 shows the results for mineral dust, ammo-

nium sulfate, and sulfate-coated dust particles with a sell
thickness ratio of � = 10%. SSA, AP, and the extinction
efficiency are wavelength dependent, but the optical param-

Table 1. Refractive Indices at 75% Relative Humidity and 0.7 mm Effective Radiusa

Wavelengths,
nm

Dust Sulfate Nitrate

Real Imaginary Real Imaginary Real Imaginary

300 1.600 0.87E-02 1.4247 0.47E-07 1.4205 0.15E-07
550 1.588 0.14E-02 1.4076 0.38E-07 1.4046 0.16E-08
700 1.544 0.07E-02 1.4036 0.60E-07 1.4018 0.25E-07
1000 1.530 0.20E-02 1.3970 0.21E-05 1.3978 0.25E-05
1500 1.510 0.50E-02 1.3850 0.17E-03 1.3893 0.18E-03
2000 1.500 0.80E-02 1.3685 0.11E-02 1.3745 0.10E-02

aRead 0.87E-02 as 0.87 � 10�2.
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eters of the coated dust particles differ only slightly from the
pure dust particles. Therefore we allow us to study the
radiative characteristics of aerosols just for one wavelength,
at 550 nm, to be representative for the solar spectrum.

[15] It should be noted that, in reality, dust particles are
predominantly nonspherical and are not necessarily located
in the center of the composite core-mantle aerosol particles.
However, we are looking only at integral scattering and

Figure 2. Single-scattering albedo, asymmetry parameter, and extinction efficiency for ammonium
sulfate dust particles as a function of wavelengths [mm]. Results for pure ammonium sulfate (black line
with diamonds), pure dust (green line with circles), and dust with 10% coating (red line) are presented.

Figure 1. (top) Single-scattering albedo and (bottom) asymmetry parameter for (left) ammonium sulfate
dust particles and (right) ammonium nitrate dust particles, as function of particle effective radius [mm], at
a fixed wavelength of 550 [nm] and at 75% relative humidity. Results for pure ammonium sulfate, e.g.,
nitrate (black line with diamonds), pure dust (green line with circles), and dust with 10, 20, 30, 40, 50,
80, and 100% coating of ammonium sulfate/nitrate (red, orange, yellow, green, blue, dark blue, and
purple, respectively) are presented.
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absorption characteristics, which should by itself reduce the
errors of the assumption that the dust inclusion is located in
the center of the composite particle. The papers by Chýlek et
al. [1995] and Fuller et al. [1999] indicate that the associ-
ated error in the absorption cross section should not exceed
15%. The errors in the other integral optical characteristics
can be expected to be even smaller since these quantities are
less influenced by the focussing effect that enhances
absorption. In addition, the comprehensive analysis by
Mishchenko et al. [1997] shows that the effects of non-
sphericity on the integral optical characteristics should be
expected to be of the order of 10% or less.

3. Global Model Study

3.1. Model Description

[16] The Goddard Institute for Space Studies (GISS)
general circulation model (GCM) climate model [Schmidt
et al., 2006; Hansen et al., 2005] is used in this study to
simulate coated mineral dust particles and their implication
on climate. The model is employed on a horizontal resolu-
tion of 4� � 5� latitude by longitude and 23 vertical layers.
The model uses a 30 minute time step for all physics
calculations. A complete model description is given by
Schmidt et al. [2006].
[17] The GCM includes gas phase [Shindell et al., 2003]

and aerosol chemistry and carries externally mixed aerosol
mass, including sulfate [Koch et al., 2006], nitrate [Metzger
et al., 2002b, 2002a], and dust [Miller et al., 2006; Cakmur
et al., 2004, 2006], and internally mixed sulfate dust [Bauer
and Koch, 2005] and nitrate dust particles [Bauer et al.,
2004]. Nitrate and sulfate aerosols are transported as mass
concentrations and mineral dust aerosols are represented by
four size classes: 0.1–1 (clay), 1–2 (silt1), 2–4 (silt2),
4–8 (silt3) mm. Mineral dust emissions are calculated
interactively depending on the modeled wind speed and
surface conditions. A complete description of mineral
aerosols in the GISS GCM is given by Miller et al. [2006].
[18] Nitrate and sulfate coatings are allowed to form at all

dust particles. Sulfate coated dust particles form through the
uptake and oxidation of SO2 on dust surfaces [Dentener et
al., 1996] and this process and model results are described
in detail by Bauer and Koch [2005] using the GISS GCM.
Nitrate aerosol formation is calculated by the thermody-
namic equilibrium model EQSAM [Metzger et al., 2002a,
2002b] which is newly implemented into the GISS GCM.
The climate model, and respectively the gas phase and other
aerosol modules, are linked to EQSAM, by providing
sulfate, nitric acid, ammonia, sea salt and gaseous nitrate
concentrations as input information for the equilibrium
model. The calculated ammonium nitrate aerosols are then

transported, interact with the radiation scheme and are
removed by wet and dry deposition within the GCM.
Annual mean ammonia concentrations are taken from the
EDGAR [Bouwman et al., 1997] emission inventory, on
which an artificial annual cycle is superposed on the natural
part of the ammonia emissions, to match the seasonal cycle
of ammonia, ammonium, and ammonium nitrate measure-
ments. The nitrate formation on dust is calculated as
described by Bauer et al. [2004], where nitric acid, N2O5

and NO3 can react on mineral dust surfaces and form a
stable nitrate coating.
[19] Aerosol optical properties and their coupling to the

radiation in the GISS GCM are described by Koch et al.
[2006], those for externally mixed sulfate aerosols are
described by Koch et al. [1999], and those for mineral dust
are described by Miller et al. [2006]. The radiation scheme
has the capability to treat size dependence and relative
humidity effects on radiative parameters; however, it
assumes the aerosols are externally mixed.
[20] The model is run for current climate (with year 2000

emissions, including anthropogenic sources) and preindus-
trial (year 1750, with natural emission only) climate con-
ditions. Four experiments are carried out: A control
experiment (called CTR hereafter) excluding gas-dust inter-
actions and experiment EXP where dust coating is included.
Both experiments were run for current climate and prein-
dustrial conditions. The following process are included in
the EXP experiments: (1) Nitrate and sulfate mass are
carried as external mixtures and as coatings for each
individual dust size bin. (2) The solubility of mineral dust
depends on the nitrate and sulfate coating. A dust particle
with 10% of its surface area coated is assumed to be
completely soluble. This value is taken from Wyslouzil et
al. [1994] and Lammel and Novakov [1995]. In the CTR
experiment mineral dust aerosols are treated as insoluble
particles. The model was integrated for each experiment for
six years and results are shown as average over the last
five years.

3.2. Sulfate and Nitrate Coatings

[21] Sulfate and mineral dust interaction are discussed in
detail by Bauer and Koch [2005]. The paper discusses
heterogeneous chemical reactions between sulfate precur-
sors on the surface of mineral dust aerosols affect the
atmospheric aerosol cycle and the Earth radiation budget.
The global sulfate cycle is influenced by this heterogeneous
sulfate formation, which reduces SO2 concentrations (by
about 30% globally), increases total sulfate mass (by about
5%), and reduces externally mixed sulfate aerosols (by
about 25%). The anthropogenic sulfate forcing is estimated
to be reduced to �0.16 W/m2 due to the reduced load of
externally mixed sulfate aerosols, compared to �0.25 W/m2

when heterogeneous surface reactions are excluded.
[22] In contrast to the strong impact of heterogeneous

sulfate production on the formation of externally mixed
sulfate, the total mass of externally mixed nitrate aerosols
even increases from 0.09 TgN (CTR) to 0.11 TgN in EXP
(see Table 2). Before looking into this phenomena annual
mean surface concentrations of total nitrate over North
America and Europe are compared (see Figure 3) to
observations from the IMPROVE and EMEP network,
respectively. Total nitrate is the sum of externally mixed

Table 2. Global Annual Budgets

Present-Day
EXP

Present-Day
CTR

Preindustrial
EXP

Preindustrial
CTR

Nitrate, Tg N 0.11 0.09 0.05 0.05
Nitrate on dust, Tg N 0.46 - 0.28 -
HNO3, Tg N 3.9 4.2 2.5 2.7
Sulfate, Tg S 0.33 0.48 0.21 0.27
Sulfate on dust, Tg S 0.21 - 0.1 -
Dust, Tg 33.5 41.6 41.8 44.8
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nitrates and nitrate coatings. The near surface nitrate con-
centrations agree well over Europe, only some high peak
observations cannot be reproduced by the model. The
observed concentrations already show large gradients over
small distances, these features can as a matter of fact not be
reproduced on the coarse horizontal resolution of the model
grid. Ammonium nitrate concentrations over North America
are slightly underpredicted.
[23] The externally mixed nitrate aerosol mass and the

difference between the CTR and the EXP simulation are
shown in Figure 4. Most ammonium nitrate is located in the
Northern Hemisphere, with maximum concentrations in
Asia, Europe and North America. The difference plot shows
that nitrate mass increases, in EXP compared CTR, in the
Northern Hemisphere, but decreases over India. The main
reason for the decrease over India is the strong decrease in
nitric acid concentrations in EXP. Nitric acid is an important
precursor gas for nitrate formation but as well reacts with
the mineral dust surfaces. Globally it is reduced by 8.5%
between CTR and EXP, but locally in the Northern African
and Arabic regions the reduction is much higher (up to 60%
over India). Therefore the reduced amounts of nitric acid in

the EXP simulation lead to a reduced ammonium nitrate
aerosol formation. On the other hand externally mixed
ammonium nitrate mass is even enhanced in the EXP
simulation, especially in the Northern Hemisphere back-
ground atmosphere. This is caused by reduced externally
mixed sulfate concentrations in EXP. Sulfate can be neu-
tralized by ammonia, the residual amount of ammonia might
neutralize nitric acid to form ammonium nitrate. In our EXP
simulation the lower sulfate concentration leads to more free
ammonia and therefore an enhanced nitrate production. The
temperature and humidity conditions are identical in both
runs, CTR and EXP.
[24] Figure 5 shows the nitrate that is attached to mineral

dust aerosols. The total mass of nitrate coating mineral dust
is larger than the amount of externally mixed nitrate (see
Table 2). However, the heterogeneous nitrate formation
depends strongly on uptake coefficients and the surface
areas of the mineral aerosols, both quantities are not well
known. Uncertainties regarding heterogeneous sulfate and
nitrate formation are discussed and tested in detail by Bauer
et al. [2004] and Bauer and Koch [2005]. The largest
amounts of nitrate material coating mineral dust particles
are found over northern Africa, Arabia and northern India,
but concentrations exceeding 4 mg/m2 can be found in the
Middle Latitudes all over the Northern Hemisphere.
[25] Therefore the contribution of internally mixed

nitrates, or in this case nitrates sticking to dust aerosols, is
substantial, and the comparisons to the surface observations
showed that observed concentrations, in Europe and North
America, are still not overestimated by the model. However,
it would be very interesting to compare our model results to
ammonium nitrate and dust coating measurements in Africa,
Arabia and India, to be able to verify the strong nitrate
formation we simulate on mineral dust surfaces.

3.3. Impact on Earth Radiation

[26] We are interested in the thickness of the coating layer
on the dust particles to determine their optical properties.
Figure 6 shows the percentage ratio of sulfate and nitrate
thickness material in relation to dust core radius for prein-
dustrial and current climate conditions. We assume that the
coating material gets distributed homogeneously over the
core particle. The smallest dust particles, clay, experience
the largest amount of coating materials on their surface.
This is not surprising, as small particles provide the largest
surface area and travel over long distances. The thickness of
the combined nitrate and sulfate coatings accumulated at all
silt particles (all particles larger than 1 mm) is shown in
Figure 6 (right). Dust surface coatings are very small at
these larger particles. At present-day conditions coating
thickness is lower than 8%, compared to the core particle
radius, and lower than 4% at preindustrial times. Coating on
clay particles is shown for nitrate coatings only (Figure 6,
left) and sulfate coatings (Figure 6, middle). The largest
thickness of nitrate coating in relation to dust is found in the
Arctic and in the Tropics. The lowest coating thicknesses
appear in the regions that have high dust loads, like the
Sahara, the Middle East and Australia. Sulfate coating
thickness is largest in the Arctic, and quite low everywhere
else. Sulfate coatings preliminary develop on East Asian
dust and on dust particles that have been transported away
from their source region, because sulfate precursors are

Figure 3. Annual mean surface concentrations of ammo-
nium nitrate. The color-coded circles show measurements as
observed by the North American IMPROVE and the
European EMEP network. Units are in ppbv.
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mainly released in industrialized regions. Nitrate coatings
depend on nitric acid that is formed in polluted regions, but
biomass burning and lightning emissions contribute as well
substantially to the formation of nitrate coating precursors,
therefore there is more nitrate than sulfate material sticking
to dust in tropical regions.
[27] However, examining the total thickness of coating

material on dust aerosols, we find 20% coating thickness is
only exceeded in the Arctic on clay particles, where dust
concentrations are extremely low. Coating thickness higher
than 10% are found in a wider region, but still in areas with
very low dust concentrations. At preindustrial conditions,
coating thicknesses are approximately half the size than at
present day.
[28] Coatings on dust surfaces lead to an increase in size

of the mixed core-mantle particle in relation to the pure dust
particle. We argue that this effect is as well negligible on the
global scale because significant large coating layers only
develop in remote areas with very low dust concentrations,
where dust radiative forcing is extremely low anyway,
therefore a small change of the optical parameters of the
coated dust particles, due to an increased diameter of the
core-mantle particle doesn’t matter on the global scale.
[29] In summary, only clay particles, in our model par-

ticles with radii between 0.1 and 1 mm, experience signif-
icant coating which still are smaller than 20% of the core
particles radius. We have marked theses particles with an
orange cross in Figure 1. Considering the fact that coating
thicknesses are much smaller (between 0 and 5%) in dust
regions, we conclude that optical properties of coated dust
particles do not differ substantially from uncoated particles.
Therefore all mineral dust particles can be treated as pure in
the radiation scheme.

4. Results and Discussion

[30] This paper discusses the radiative properties of
sulfate and nitrate coated, humid mineral dust particles.
The overall result of this study is, that significant coating
layers, that could effect the radiative properties of dust
particles only occur in regions with very low dust loads.

Therefore the direct radiative effect of coatings on dust
aerosols may be neglected in global climate models.
[31] To validate the discussed model simulations, detailed

observations are necessary, describing the shape and chem-
ical composition of single particles. Mamane and Noll
[1985] and Mamane et al. [1992] analyzed particles col-
lected in North Carolina, United States, with electron
microscopy and they found sulfate coatings on calcite and
clay minerals on the order of 1–2.7% in relation to the core
particle. In a laboratory experiment [Mamane and Gottlieb,
1992], nitrate-coated dust particles were observed. The
concentration of minerals was around 1–3 m g m�3 and
no more than 0.01–0.24 m g m�3 of nitrate was found on
the dust particles surfaces.
[32] The result of this study is, that coatings on mineral

dust particles do not change significantly the radiative
properties of dust aerosols. Nevertheless, we want to point
out, that heterogeneous surface reactions play a very im-
portant role in direct radiative forcing, because the loads of
the individual aerosol species are changed by these reac-
tions. For example, the deliquescence of the mixed dust is
increased by soluble coatings sticking to an insoluble dust

Figure 4. (left) Annual mean column load of externally mixed ammonium nitrate aerosol. (right)
Difference between the EXP and the CTR experiment. Units are in mg/m2.

Figure 5. Annual mean column load of ammonium nitrate
attached to mineral dust. Units are in mg/m2.
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core. This process leads to a shorter lifetime of dust under
current climate conditions compared to preindustrial times.
[33] Table 3 gives the contribution of the global top of the

atmosphere radiative forcing for the three different aerosol
types discussed in this study. Radiative forcings are given
for present-day conditions, and anthropogenic change
including and excluding heterogeneous surface reactions.
In our experiments we used the same dust emission sources
for both episodes, therefore the changes in the dust load are
caused by the differences in dust solubility. The anthropo-
genic impact reduced the dust aerosol attributed top of the
atmosphere cooling by 0.23 W/m2 compared to preindus-
trial times, due to the reduced load of reflective mineral dust
material at present times. The longwave forcing is changed
by �0.11 W/m2. That leads to a total change of 0.12 W/m2

in dust radiative forcing.
[34] Our sulfate aerosol radiative forcing is smaller at

present-day conditions than in most other studies [Kinne et
al., 2006]. This is caused mainly by the cloud tracer budget
[Koch et al., 2003] and secondarily by the reduced produc-
tion of externally mixed aerosols [Bauer and Koch, 2005].
Sulfate precursors are as well consumed by heterogeneous
reactions, which lowers the productions of externally mixed
sulfate aerosols. The anthropogenic forcing of sulfates are
reduced from �0.25 to �0.16 W/m2 due to the impact of
the dust coating process.
[35] The formation of externally mixed nitrate aerosols is

not changed as significantly by coating processes. The anthro-

pogenic forcing of nitrates only varies by �0.01 W/m2

between the CTR and EXP experiment.
[36] Although, the magnitude is uncertain, we want to

point out that the radiative cooling effects of the reflective
aerosols are strongly reduced. Adding up the numbers in
Table 3, the combined radiative forcing is �0.1 W/m2.
Neglecting surface coating processes, the combined nitrate
and sulfate forcing adds up to �0.3 W/m2.
[37] Figure 7 compares the total aerosol optical thick-

ness (AOT) of the two model runs CTR and EXP to the
annual mean aerosol optical thickness as observed by the
AERONET Sun photometer network of the year 2000. EXP
shows lower AOT, especially over the Sahara, Europe and
North America. All these reductions in AOT agree better
with the observations. The reduced AOT over northern
Africa is caused by the increased solubility of mineral dust
in EXP, explaining its reduced lifetime. We are aware of the
strong temporal fluctuations in mineral dust loads, and

Table 3. Top of the Atmosphere Radiative Forcinga

Present-Day
2000

Anthropogenic
Change

2000–1750

Anthropogenic
Change

Without Coating
2000–1750

Sulfate �0.43 �0.16 �0.25
Nitrate �0.11 �0.06 �0.05
Dust (short wave) �0.76 0.23 -
Dust (long wave) 0.25 �0.11 -

aValues are in W/m2.

Figure 6. Annual mean ratio of shell material thickness in relation to dust core radius. Units are in
percentage. Results are shown for (top) current climate and (bottom) preindustrial climate conditions. The
ratio for (left) nitrate coating and (middle) sulfate coating is shown for clay particles and (right) the
combined nitrate and sulfate coating for silt particles.
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therefore comparisons over the Sahara must be done very
carefully. However, the reduced loads of nitrate and sulfate
pollutants over the Industrial regions may be more mean-
ingful. Nevertheless, only detailed chemical analysis of
single aerosol particles can determine if our simulations
show the correct estimates of this effect.
[38] In summary, anthropogenic climate warming is much

less counter balanced by scattering aerosols then previously
expected when dust coating effects are included in the
calculations. For future projections we assume that hetero-
geneous reactions affecting aerosols become even more
important, due to the predicted increase of SO2 emissions
in the developing world, and the global increase in nitrogen
and ammonia emissions.
[39] This study only focused on the direct aerosol impact,

but likewise significant effects can be expected for aerosol-
cloud interactions.
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